Abstract-In this study, two lead-free solder alloys, namely 50 tin-50 bismuth (Sn-Bi) and 96.5 tin-3.5 silver (Sn-Ag), were studied for their use in surface mount solder joints. They have been considered as potential replacements for 63 tin-37 lead (Sn-Pb) solder. All joints were subjected to various cycles of thermal shock with temperature ranging from 25 to 125 C. Shear tests were conducted on joints with and without thermal shock treatment. Another thermal shock cycle ( 25 to 85 C) was carried out on Sn-Bi solder joints for comparison. Their performance against thermal shock was compared with eutectic Sn-Pb solder by evaluating their residual shear strength and studying their microstructural change.
suitable to substitute the eutectic tin-lead solder due to the issues about processing, reliability, availability, cost and so on. These alloys can only achieve parts of the supreme properties of eutectic tin-lead alloy. Some applications of lead-free solders have been made for thermal sensitive electronic components. Nevertheless, these solders are susceptible to damage at high operating temperatures. Other lead-free solders, such as tin-silver solders, have high melting points. These types of solders cannot be applied to thermal sensitive electronic components. However, it can provide strong joints [1] . Base on the above problems, there still exists the needs to continue the effort in the development of lead-free solder alloys with adequate properties.
For Sn-Ag alloy soldered on printed circuit board (PCB), previous researches [2] , [3] showed that the microstructure of the alloy has three distinctive features.
1) Eutectic structure (Ag Sn intermetallic compound in bulk solder). 2) -Cu Sn dendrites scattered in the bulk solder due to copper dissolved from the copper pad of PCB. 3) Cu-Sn intermetallic layer above the copper pad. Sn-Bi solder alloy has some similarities to Sn-Ag alloy. However, the main difference is that the Ag Sn intermetallic compound is replaced by Bi-rich and Sn-rich phases. The eutectic structure, the Cu-Sn dendrites in bulk solder and intermetallic layer are important factors to the strength of solder joints
In this investigation, two lead-free solder pastes and one eutectic lead-tin solder paste were used to surface mount (SM) components on PCB. The data on eutectic lead-tin solder paste were provided for comparison with the two lead-free solder pastes. The samples were treated by thermal shock. Thermal stresses were created in solder joints during thermal shock process, due to the difference in coefficient of thermal expansion (CTE) in a PCB assembly. As usual, intermetallic compound (IMC) was formed after infrared (IR) reflow. The formation of IMC may affect the reliability of solder joints. It is because the IMC layer, solder and PCB have different CTE that may lead to thermal stresses at the interface and crack formations underneath the SM components. The reliability of solder joint can also be affected due to the existence of porosity.
To establish the reliability of lead-free solders in surface mount technology (SMT), it is important to evaluate candidate lead-free solders for their performance under various conditions to search for the best one. This paper attempts to investigate how the residual stress and IMC influence the strength of solder joints. Besides, this research characterizes the microstructure of solder joints after undergoing various thermal shock cycles. The reliability of solder joints related to the aspects of their 1521-3323/00$10.00 © 2000 IEEE microstructure was also explored. Thermal shock and shear tests were conducted in this research.
II. EXPERIMENTAL PROCEDURES
The experimental procedures are schematically shown in Fig. 1 .
A. Specimens Preparation
A large piece of PCB was sliced into small size boards. Twenty-four small PCB's, each with eight surface mounted resistors were fabricated. They were cleaned with a mixture of hydrochloric acid and nitric acid for removing the oxide layer on copper land pads. After rinsing with water and drying, the solder paste was stencil printed onto copper land pads. The thickness of the solder paste was about 100 m, as measured using a laser section microscope. Eight 1206 LCCC 10 resistors were mounted onto each PCB. Six PCB's were used for Sn-Ag solder, other twelve for Sn-Bi lead-free solder and the remaining ones were used for Sn-Pb eutectic solder. The resistors were placed carefully onto the copper pads of the PCB using a semi-automatic pick-and-place machine. These assemblies were IR reflowed using a PRECISOLD PS-3000 soldering system. The industrial recommended IR reflow profile for each type of solder was used. A typical reflow profile is shown in Fig. 2 . The recommended peak reflow temperatures are 210-220 C, 250-260 C, and 170-180 C for 63Sn-37Pb, 96.5Sn-3.5Ag, and 50Sn-50Bi solders, respectively. Each reflow took 100 s. The soak temperature and time were the same for the three alloys, i.e., 100-120 C, for 100 s.
B. Thermal Shock Tests
Thermal shock tests were carried out in a thermal shock tester with high and low temperature chambers. For the present test, the cold chamber was kept at 25 C and the hot chamber at 125 C. For the Sn-Bi solder, the test was also conducted with the hot chamber temperature at 85 C. The specimens were kept in each chamber for 15 min, that is, a cycle of 30 min, as shown in Fig. 3 for the 25 to 125 C cycling. The tests were conducted for 0 to 1000 cycles at intervals of 200 cycles. Two components were taken for microstructural examinations of solder joint after 0, 600, and 1000 cycles. The purpose of this examination is for observing crack initiation and propagation, IMC and phase change.
C. Microstructural Examination
The specimens were sectioned at the solder joint and were ground with 240, 400, and 800 grit silicon carbide paper progressively. Subsequently, the section was polished with 5 m Al O suspension followed by polishing with 0.05 m suspension. The sample was then etched in a mixture. The Sn-Bi and Sn-Pb samples were etched in a dilute solution of 2% HCl, 6% HNO and 92% H O for 15 s to show the -phase between the interface of copper pad and solder, and to blacken the surface of Sn in solder. For the Sn-Ag samples, they were etched in a dilute solution of 2% HNO , 5% HCl and 93% alcohol for 15 s. This etchant was used to reveal the IMC as well at the interface. Optical microscope and scanning electron microscope (SEM) were employed to observe the microstructure. The samples were carbon coated before putting in the SEM. During the sample inspection by SEM, energy dispersive X-ray (EDX) analysis was also carried out to identify the chemical composition of the IMC and the grain-like structures in the Sn-Bi solder.
D. Shear Tests
Samples were shear tested after they had undergone 0, 200, 400, 600, 800, or 1000 thermal shock cycles of the eight resistors surface mounted on each PCB, four of them were randomly selected for the shear test. The remaining ones were reserved for microstructural examination. The shear specimens were clamped on an Instron Mini 44 testing machine. Shear tests were carried out at a crosshead speed of 0.05 mm/s at room temperature to obtain the maximum shear load, as shown in Fig. 4 . The shear strength is obtained by dividing the shear force at failure by the area of solder joint. After the tests, the morphology of the fracture surface was observed with a SEM.
E. Fracture Surface Examination
After the shear test, the samples were cut in small pieces of not more than 20 mm diagonal. They were then cleaned ultrasonically, dried, and carbon coated. As mentioned above, analysis using the SEM and EDX were carried out to observe the fracture surface morphology and chemical compositions, respectively.
III. RESULTS AND DISCUSSION
The tin in Sn-Pb, Sn-Bi, and Sn-Ag solders reacts favorably with copper substrate, for example, the copper pads on the PCB to form IMC after IR reflow. The reliability of SM solder joints partly depends on the formation of the IMC. This IMC layer is essential for the provision of good bonding. However, a thick layer of IMC greatly weakens the solder joint, due to the brittle nature of IMC and its thermal mismatch characteristic with the PCB. As a result, cracks can be induced at the SM joints [4] . A typical micrograph indicating the existence of the IMC layer is shown in Fig. 5 . The variation of IMC thickness with the number of thermal shock cycles is shown in Fig. 6 . For all cases shown in Fig. 6 , the thickness of the IMC increased with the number of thermal shock cycle. For the case of Sn-Bi solder, the thermal shock temperature range of 25 to 125 C resulted in a thicker IMC layer than that in the thermal shock temperature range of 25 to 85 C. In addition, the tin content in the solder paste was seen to be important to the formation of IMC. The tin contents in Sn-Bi, Sn-Pb, and Sn-Ag solders were 50%, 63%, and 96.5%, respectively. The content of tin appears to affect directly the initial thickness of the IMC, as indicated by their IMC thickness at 0 thermal shock cycle in Fig. 6 . Also, it is noted that since the reflow temperatures for the 50Sn-50Bi, 63Sn-37Pb, and 96.5Sn-3.5Ag were 170-180 C, 210-220 C, and 250-260 C, respectively, the solder reflowed at a higher temperature is expected to have a thicker IMC layer, as the diffusion rate will be faster. This effect was also reflected in Fig. 6 . For the thermal shock temperature range of 25 to 125 C, at any given number of thermal shock cycle, the IMC thickness in the Sn-Pb solder was smaller than that in the Sn-Ag solder. Although the IMC thickness in the Sn-Bi solder was the thinnest amongst the three solders, its thickness grew rapidly with the number of thermal shock cycles, so that it became thicker than those in Sn-Pb and Sn-Ag solders from about 50 and 200 cycles, respectively. As for the Sn-Bi solder thermally shocked between 25 and 85 C, the thickness of the IMC became smaller than all the other cases with 25 to 125 C thermal shock range.
A. Formation of Voids in Solder Joint
The presence of voids is one of the major detects in solder joints that may be unavoidable in a SM assembly. Voids are formed due to the presence of volatile materials, such as flux and solvent, thermally decompose and produce a lot of fumes that are entrapped between the copper pad and solder [5] . In the present study, a small number of voids was found to be initially present in the joint after reflow, as shown in Fig. 7 , as well as after thermal shock. In the latter case, the voids as shown in the black areas in Fig. 7 is associated more with the Sn-Bi solder than the other two solders when all of them were shocked under the same temperature range. Note that for this micrograph the PCB is on the top of the micrograph.
Thermal shocks of up to 1000 cycles with temperature range of 25 to 125 C, for the three solders have been carried out. The Sn-Bi solder suffered greatly from this thermal shock temperature range. The existence of voids seems very serious. Their shapes are irregular and their size ranged from about 25 to 100 m. It is noted that the melting range of this solder was between 139 and 160 C, and was close to the hot temperature in the thermal shock cycle. It appears that the high temperature may have contributed to the severe void formation. It is believed that the large voids were formed under the 125 C shock temperature as this behavior was less applicable for the thermal shock treatment with 25 to 85 C. In general, the microstructure was normal in this case, as shown in Fig. 8 . However, small voids of a few microns were observed and the Bi-rich phase still coars- ened [6] , but to a less extent than that in the 25 to 125 C thermal shock case.
Sn-Ag and Sn-Pb solders did not exhibit such deterioration after thermal shock between 25 and 125 C. It might be due to their high melting point property to prevent them from the microstructural change. For both solders, no large voids were formed. Small amounts of small voids were identified in the solder directly underneath the resistor after IR reflow. For the high melting point solder, i.e., Sn-Ag, pores were secured at its original position after the IR reflow process. It did not change much even after 1000 cycles thermal shock treatment.
B. Effect of Thermal Shock on Shear Strength
The SM joints for the three solder alloys were also tested with a transverse shear load after various number of thermal shock cycles to study their residual strength. In particular, residual strengths were obtained for the same thermal shock cases as mentioned in Section II-B. That is, for all three solders, they were shocked between 25 and 125 C. Also the Sn-Bi solder was shocked between 25 and 85 C. The maximum shear load (at failure) obtained from these tests generally decreased with the number of thermal shock cycles, as shown in Fig. 9 . The decrease in maximum shear load with increasing thermal shock cycles were both mild for the Sn-Ag and Sn-Pb solders. However, for any given number of thermal shock cycle, the maximum shear load of the Sn-Ag solder was larger than that of the Sn-Pb solder. This shows that the strength of the Sn-Ag solder is higher than that of the Sn-Pb alloy. The result coincided with that by Tomlinson [1] such that solders containing silver generally gave the strongest joints. This may be due to the formation of Ag Sn particles and Cu Sn IMC. The morphology of the Ag Sn intermetallic, as shown in Fig. 10 , depends mostly on the cooling rate [2] . The solder was cooled by a fan after IR reflow, so the cooling rate of about 30 C/min was not too fast or slow. However, the solder suffered from fast cooling rate of about 100 C/min during the thermal shock process. The strength of the solder joints was influenced by the morphology of Ag Sn. A fast cooling rate generates finely dispersed Ag Sn particles in the Sn matrix which strengthens the solder, while a slow cooling rate generates large Ag Sn eutectic rods that have little strengthening effect [2] . As the number of shock cycles in- crease, the maximum shear load still drops slightly. This effect is presumably due to the existence of Ag Sn and the relatively higher melting point of Sn-Ag solder. The Ag Sn intermetallic in the bulk solder partly controls the hardness of the solder joints. The ductility of solder joint is reduced as the amount of the -Cu Sn IMC layer increases. This thick IMC layer is ineffective in strengthening the joint but probably acts as crack initiation site. The higher the thermal shock cycles, the larger the initial crack length and the thicker the IMC layer. Thus, the maximum shear load of Sn-Ag solder has a decreasing trend with thermal shock cycles.
It was mentioned before that the initial thickness of the IMC layer of the solder depends on the reflow temperature. It was also reported for the present solders, Sn-Ag has the thickest initial IMC layer. This is followed by Sn-Pb, and finally Sn-Bi. Despite this variation, their initial shear strength was very close, as seen in Fig. 9 . For the 25 to 125 C thermal shock range, the Sn-Bi alloy had a much sharper decrease in maximum shear load with the number of shock cycles than that in the Sn-Ag and Sn-Pb solders. This was a clear indication on the decline in strength due to the thermal shock effect. Close examination of the microstructure of the Sn-Bi alloy after 1000 cycles revealed enriched Bi-rich phase above the Cu-Sn intermetallic within the bulk solder shown in Figs. 11 and 12 , as a result of Sn depletion from the Sn-Bi solder. This result conformed to the observation by a past investigator [6] such that the formation of Bi-rich phase due to aging will degrade the solder strength. Thermal shock process can be seen as an aging process, although the time is short. As the number of thermal shock cycles increased, the Bi-rich phase became larger in size, causing fracture that was likely to be cleavage through the boundary of the Bi-rich phase. These effects had lowered the overall strength of the Sn-Bi solder. The majority of Sn-Bi joints failed by brittle fracture [7] . Despite this, the shear load did not change much when the Sn-Bi solder was shocked at the lower temperature range 25 to 85 C). These aspects had demonstrated that although the initial IMC thickness in the Sn-Ag joint was larger than that of the Sn-Bi one, as shown in Fig. 6 , as a result of thermal shock, the degradation in the Sn-Bi matrix and in particular at the solder/IMC interface affected the residual shear strength more than the effect provided by a thicker IMC layer in the Sn-Ag joint. Also, as shown in Fig. 9 , thermal shock provided a much higher growth in thickness of IMC in the Sn-Bi joint than the other two solder joints. The result was therefore consistent to the theme such that the thicker the IMC layer, the lower the residual shear strength.
It is noted that all solders considered in this paper are subjected to creep even at the room temperature, as their absolute temperatures at melting are very close to that of the room temperature. Under the condition of thermal shock, creep affects the solder material, especially during the hold time at the high temperature of the thermal shock cycle. Therefore, a solder material with a higher melting point or melting range can usually provide a higher residual strength than that of a solder with a lower melting point. The results in this paper had reinforced this point.
It was reported in the previous section that void formation was also closely associated with thermal shock temperature. For example, the Sn-Bi solder had severe voiding problem after the thermal shock with temperature range of 25 to 125 C, while the void formation of the same solder after the thermal shock with temperature range of 25 to 85 C was minimal. As the presence of voids reduces the effective cross-sectional area, the shear strength would therefore be reduced.
For the shear load of Sn-Pb, shear test indicated that the shear load reduced gradually. The thickness of IMC certainly increased and the crack appeared at large cycles. The brittle nature of IMC and crack, of course, reduced the shear load. The gradual decrease in maximum shear load for the Sn-Pb solder might be explained by the fact that the major degradation of shear strength was due to the growth of the IMC layer. Since the growth is gradual, the reduction in shear strength was therefore gradual. 
C. Microstructure
The Sn-Bi, Sn-Ag, and Sn-Pb SM joints were also examined with the SEM for their fracture behavior. The examinations helped to explain the situation of crack initiation and propagation. The three kinds of solders appeared to have cracked at the joint between 800 and 1000 cycles for the temperature range of 25 to 125 C. The cracks were typically formed at the two sites as shown in Fig. 13 [8] . An EDX analysis indicated clearly that the crack initiation site contained a high amount of tin. This was reported previously by Attarwala [4] . For the present Sn-Bi and Sn-Pb joints, the content of tin was more than 80% at the crack initiation site. The inhomogeneity of the microstructure caused stress concentrations at microscopic scale and could lead to crack initiation after a large number of cycles of thermal shock. IMC is a brittle material. The cracks grew through the solder between the bottom surface of the resistor and the copper substrate. The micrograph as shown in Fig. 14 reveals that the failed solder joint had cracks propagated through the IMC -phase/bulk solder interface [9] of the Sn-Ag solder after the thermal shock test. Together with the difference in coefficient of thermal expansion among PCB, solder and IMC, the rapid hot and cold condition generated thermal stresses at the interface of the joint. The stresses were high enough to shear the crack tip and propagate through the brittle material and bulk solder, and shear fractured fracture near the copper pad and solder interface.
IV. CONCLUSION
In Sn-Bi solder, Sn-rich and Bi-rich phases were formed separately in both 25 to 85 C and 25 to 125 C thermal shock temperature ranges. Cracks existed after 1000 cycles. In the Sn-Ag solder, a rod-like Ag Sn compound appeared in the bulk solder. All three solders formed IMC layers after IR reflow.
The maximum residual shear strength decreased as the number of thermal shock cycles increased. Sn-Ag solder had the best residual shear strength amongst the three solders tested.
In the Sn-Pb solder, the fracture mode was ductile before thermal shock. A thin, globular Cu Sn IMC was embedded in a soft solder matrix. After 1000 cycles of thermal shock, the fracture mode became not as ductile as before. For the Sn-Bi solder, the samples showed phase change. At 1000 cycles, the Sn-rich and Bi-rich phases seemed to be separated completely. For the Sn-Ag solder, the solder seemed to have changed from ductile to brittle after 1000 thermal shock cycles.
In short, Sn-Ag solder is better than the other two solders with respect to thermal shock treatment. Sn-Bi solder also showed good properties under thermal shock temperature of 25 to 85 C.
